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dimensional charge carrier gas channel between the source
and the drain. The transistor device further includes a piezo-
electric gate on the heterostructure body. The piezoelectric
gate is operable to control the channel below the piezoelectric
gate by increasing or decreasing a force applied to the het-
erostructure body responsive to a voltage applied to the piezo-
electric gate.
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1
STRESS-CONTROLLED HEMT

TECHNICAL FIELD

The instant application relates to high electron mobility
transistors (HEMTs), and more particularly to stress-con-
trolled HEMTs.

BACKGROUND

High electron mobility transistors (HEMTs) based on gal-
lium nitride (GaN) are used for power and radio-frequency
applications. An HEMT has a two-dimensional electron gas
(2DEG) which forms in the GaN layer near the interface with
an AlGaN barrier where electrons have a very high mobility.
The 2DEG forms because of two basic principles: (1) charge
due to spontaneous polarization of the GaN layer and (2)
piezoelectric polarization due to the lattice mismatch
between the GaN and AlGaN layers. The Al content and
thickness of the AlGaN layer determine the extent of piezo-
electric polarization.

HEMTs are typically normally-on devices because of the
automatic formation of the 2DEG. However, power devices
are usually implemented as normally-off devices. To be nor-
mally-off, the 2DEG of an HEMT must be interrupted
between the source and drain of the device. One way to realize
a normally-off HEMT is to recess the gate into the AlGaN
barrier layer, extinguishing the 2DEG under the recessed
region. While such a structure yields a normally-oft structure,
the recess process must be precisely controlled e.g. in the
order of only 1 nm. Otherwise a large spread in the threshold
voltage results due to a variable thickness of the AlGaN layer
under the gate. In addition, the gate must be isolated from the
AlGaN material to avoid large gate leakage which can result
from the lowered gate Schottky barrier. The recessed gate
structure also yields a relatively low threshold voltage which
is undesirable for power applications.

Another way to realize a normally-off HEMT is to form the
gate from p-doped GaN material. A normally-oft HEMT with
ap-doped GaN gate typically has a threshold voltage of about
1.5V, but the AlGaN barrier must be thin and have low Al
content which negatively aftects the on-resistance due to the
reduced carrier density in the 2DEG. These limitations arise
because of difficulties associated with realizing high doping
densities in p-doped GaN and limitations associated with
efficiently depleting a 2DEG channel via p-type semiconduc-
tor material (even assuming an ideally highly doped p-type
layer). Other disadvantages of a normally-off HEMT with a
p-doped GaN gate include lowered transconductance and
limited gate voltage since the p-doped gate forms a pn-junc-
tion which begins to conduct at a relatively low positive gate
voltage of about 5 to 6V.

A normally-oft HEMT can also be realized by implanting
fluorine into the 2DEG channel region. Such a structure has a
threshold voltage of about 1V, but there are unsolved techno-
logical issues with this approach such as the stability of the
implanted species, temperature dependency and aging. Other
approaches may be used to manufacture a normally-off
HEMT. In each case, an electric field is used to control the
2DEG channel.

SUMMARY

According to one embodiment of a transistor device, the
transistor device comprises a heterostructure body including
a source, a drain spaced apart from the source and a two-
dimensional charge carrier gas channel between the source
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and the drain. The transistor device further comprises a piezo-
electric gate on the heterostructure body. The piezoelectric
gate is operable to control the channel below the piezoelectric
gate by increasing or decreasing a force applied to the het-
erostructure body responsive to a voltage applied to the piezo-
electric gate. The transistor device can be normally-on or
normally-off.

According to an embodiment of a semiconductor device,
the semiconductor device comprises a heterostructure body, a
first doped region in the heterostructure body, a second doped
region spaced apart from the first doped region in the hetero-
structure body, and a two-dimensional charge carrier gas
channel in the heterostructure body between the first and
second doped regions.

The semiconductor device further comprises a gate struc-
ture for controlling the channel. The gate structure comprises
apiezoelectric material and an electrical conductor in contact
with the piezoelectric material.

According to an embodiment of a method of manufactur-
ing a semiconductor device, the method comprises: providing
a heterostructure body with a first doped region, a second
doped region spaced apart from the first doped region and a
two-dimensional charge carrier gas channel between the first
and second doped regions; and forming a gate structure on the
heterostructure body for controlling the channel, the gate
structure comprising a piezoelectric material and an electrical
conductor in contact with the piezoelectric material.

Those skilled in the art will recognize additional features
and advantages upon reading the following detailed descrip-
tion, and upon viewing the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The components in the figures are not necessarily to scale,
instead emphasis being placed upon illustrating the principles
of the invention. Moreover, in the figures, like reference
numerals designate corresponding parts. In the drawings:

FIGS. 1-4 illustrate cross-sectional views of an embodi-
ment of a stress-controlled heterostructure semiconductor
device under different normally-on and normally-off con-
figurations.

FIG. 5 illustrates a cross-sectional view of another embodi-
ment of a stress-controlled heterostructure semiconductor
device.

FIG. 6 illustrates a cross-sectional view of yet another
embodiment of a stress-controlled heterostructure semicon-
ductor device.

FIG. 7 illustrates a cross-sectional view of still another
embodiment of a stress-controlled heterostructure semicon-
ductor device.

DETAILED DESCRIPTION

The embodiments described herein relate to heterostruc-
ture field effect transistors (HFETs). The term HFET is also
commonly referred to as HEMT (high electron mobility tran-
sistor), MODFET (modulation-doped FET) or MESFET
(metal semiconductor field effect transistor). The terms het-
erostructure semiconductor device, transistor device, HFET,
HEMT, MESFET and MODFET are used interchangeably
herein to refer to a field effect transistor incorporating a
junction between two materials with different band gaps (i.e.
a heterojunction) which forms the device channel. For
example, GaN may be combined with AlGaN, GaN may be
combined with InGaN, etc. Also, transistors may have AlInN/
AIN/GaN barriet/spacer/buffer layer structures. Still other
II1-V combinations are possible.
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In general, the channel of the heterostructure semiconduc-
tor device is controlled below the gate region of the device by
stress rather than an electric field. To this end, a force is
imparted on the heterostructure semiconductor device by a
piezoelectric material which functions as a gate of the device.
This force counteracts or increases a built-in stress in the
heterostructure body, controlling the channel. The built-in
stress in the heterostructure body is present because of lattice
mismatch between different materials of the heterostructure
body.

For example to realize a normally-off device, the piezo-
electric gate counteracts the built-in lattice mismatch stress
when no voltage is applied across the gate. This in turn dis-
rupts (depletes) the channel below the piezoelectric gate. The
piezoelectric gate supports or increases the built-in stress
when a voltage is applied to the gate to switch the device on.
A normally-on device can be realized in the opposite manner
i.e. the piezoelectric gate imparts no or minimal force on the
heterostructure body when no voltage is applied across the
gate and counteracts or increases the built-in stress when a
voltage is applied to the gate. In each case, the conductive
channel region below the piezoelectric gate is not controlled
by an electric field even though a control voltage is applied to
the gate. Instead, the channel is controlled by inducing stress
in the heterostructure body through a force generated by the
piezoelectric gate.

FIG. 1 illustrates a cross-sectional view of an embodiment
of an HFET which includes a heterostructure body 100 dis-
posed on a substrate 102. The heterostructure body 100
includes a two-dimensional charge carrier gas 104 between a
source 106 and a drain 108 of the device. The source 106 and
drain 108 can be formed by doping the heterostructure body
100 or any other appropriate conventional technique.

In one embodiment, the HFET is a GaN-based HEMT and
the heterostructure body 100 includes a nucleation layer 110,
aplurality of transition layers 112 on the nucleation layer 106,
aGaN buffer layer 114 on the transition layers 112, and a GaN
alloy barrier layer 116 on the GaN buffer layer 114. The
barrier layer 116 may comprise any suitable GaN alloy such
as AlGaN, InAIN, AIN, InAlGaN, etc. The source 106 of the
HFET extends through the GaN alloy barrier layer 116 into
the GaN buffer layer 114. The drain 108 of the HFET is
spaced apart from the source 106 and also extends through the
GaN alloy barrier layer 116 into the GaN buffer layer 114. In
this embodiment, the substrate 102 is a silicon substrate. In
other embodiments, a different substrate 102 is used such as
a sapphire or SiC substrate. The nucleation layer 106 and the
transition layers 112 may have different structures or even be
omitted depending on the type of substrate 102 used.

In general with GaN technology, GaN-based heterostruc-
tures can be grown along the c-direction (i.e., the Ga-face) or
along the N-face e.g. for GaN/AlGaN heterostructures. The
face type of a GaN-based device determines the location of
the two-dimensional charge carrier gas, and the percentage of
aluminum (Al) determines the charge density in AlGaN/GaN
HEMTs. There is a direct relationship between the concen-
tration of Al in the GaN alloy barrier layer 116 to sheet charge
density at the barrier/buffer interface because AlGaN and
other GaN alloys have a different lattice constant than GaN
and in-plane biaxial stress is created when a GaN alloy is
grown on GaN. The biaxial stress in the GaN alloy barrier
layer 116 is represented by the horizontal line with end arrows
in the exploded view shown in FIG. 1, which shows the lattice
in aregion at the interface between the GaN alloy barrier layer
116 and the GaN buffer layer 114. The GaN buffer layer 114
can be considered unstrained because the buffer layer 114 is
considerably thicker than the barrier layer 116. GaN and its
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compounds have high piezoelectric properties that result in
measurable electric fields in the mega-Volts per centimeter
range. These high electric fields effect conductivity, allowing
for electron (or hole) transport without using dopants.

The presence of these polarization charges and strain
effects result in the two-dimensional charge carrier gas chan-
nel 104 which forms an electron or hole inversion layer char-
acterized by very high carrier density and carrier mobility. A
thin e.g. 1-2 nm AIN layer can be provided between the GaN
buffer layer 114 and the GaN alloy barrier layer 116 to mini-
mize alloy scattering and enhance 2DEG mobility. Other
compound semiconductor technologies which yield a two-
dimensional electron or hole gas can also be used. In each
case, polarization charges are used to form the two-dimen-
sional charge carrier gas channel 104 of the HFET. Other
combinations of III-V semiconductor materials can be used to
realize a 2DEG or 2DHG (two-dimensional hole gas) channel
104 in the buffer layer 114 as is well known in the art. For
example, HEMT structures where the channel is induced only
due to spontaneous polarization can also be used. There is no
mismatch between the GaN and top layer for these devices.
This is the case when InAlIN is used instead of AlGaN. Also,
the source 106 and the drain 108 may be contacted at the same
surface of the heterostructure body 100 as shown in FIG. 1.
Alternatively, the source 106 and/or the drain 108 can be
electrically contacted at the backside of the structure through
a corresponding conductive via (not shown) extending from
the source 106 and/or the drain 108 to the backside e.g. which
can be metallized and/or a highly doped substrate 102 such as
an n+Si, n+SiC or native GaN substrate.

The source 106 and the drain 108 both laterally contact the
two-dimensional charge carrier gas channel 104. The HFET
can be normally-on meaning that the HFET operates in deple-
tion mode, or normally-oft meaning that the HFET operates
in enhancement mode. In either case, a surface passivation
layer 118 is formed on the heterostructure body 100. In one
embodiment, the surface passivation layer 118 comprises
Si3N4, A1203, Si02, HfO2, or ZrO2.

A piezoelectric gate 120 is also formed on the heterostruc-
ture body 100 for controlling the channel 104 below the gate
120. The piezoelectric gate 120 controls the channel 104 by
increasing or decreasing a force applied to the heterostructure
body 100 responsive to a voltage (V) applied to the gate 120.
The force generated by the piezoelectric gate 120 imparts
stress in the GaN alloy barrier layer 116, counteracting or
increasing the built-in lattice mismatch stress in the barrier
layer 116. To realize such a structure, piezoelectric materials
are used which can be deposited as thin layers. For example,
a thin film zinc oxide or a thin film piezoelectric ternary
compound such as Pb(Zr,T1)O3 can be deposited to form the
piezoelectric gate 120. In one embodiment, the GaN alloy
barrier layer 116 is an AlGaN layer having a thickness (Thar-
rier) under the piezoelectric gate 120 of at least 10 nm and the
piezoelectric gate 120 has a thickness (Tgate) of 100 nm or
less. In other embodiments, the GaN alloy barrier layer 116
can be thinner e.g. if the GaN alloy barrier layer 116 is
recessed under the piezoelectric gate 120 as shown in FIG. 7.
The piezoelectric gate 120 can be thicker than 100 nm in other
embodiments. In general, the thicknesses of the GaN alloy
barrier layer 116 and piezoelectric gate 120 can be selected to
help set the threshold voltage of the device.

FIG. 1 shows the piezoelectric gate 120 with no applied
voltage (0 V) and the channel 104 uninterrupted below the
gate 120. The HFET is normally-on according to this embodi-
ment. The HFET is normally-on because the piezoelectric
gate 120 applies little or no force to the underlying passivation
layer 118 absent a voltage applied to the gate 120, and hence
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the channel 104 remains uninterrupted under the gate 120.
When a voltage (+/-V) is applied to the piezoelectric gate 120
as shown in FIG. 2, the gate 120 generates a compressive or
tensile force in response which is applied to the passivation
layer 118. The force is indicated by inwardly facing arrows in
FIG. 2. The direction of the force depends on the orientation
of the piezoelectric gate 120. For example, the force can run
parallel or perpendicular to the electric field applied to the
gate 120 depending on the orientation of the gate 120.

The passivation layer 118 is thin enough to transfer enough
of the force to the underlying GaN alloy barrier layer 118,
counteracting or increasing the built-in stress in the barrier
layer 118. Particularly, the crystal dipoles in the GaN alloy
barrier layer 118 move laterally responsive to the applied
force. For a compressive force, the crystal dipoles move lat-
erally toward one another. The crystal dipoles move laterally
away from one another under a tensile force. In either case,
the carrier density in the channel 104 is affected by the force-
induced stress. Application of a sufficiently large voltage
across the piezoelectric gate 120 results in a high enough
force being transferred to the GaN alloy barrier layer 116
through the passivation layer 118 so that the resulting stress
completely depletes (disrupts) the channel 104 under the gate
120 as represented by the break in the dashed line represent-
ing the channel 104 in FIG. 2.

FIG. 3 shows a cross-sectional view of the HFET of FIG. 1,
however the piezoelectric gate 120 counteracts the built-in
stress in the GaN alloy layer 116 so that the channel 104 is
disrupted below the gate 120 absent a voltage (0 V) applied to
the gate 120. That is, the orientation of the piezoelectric gate
120 is such that the gate 120 imparts a force on the underlying
GaN alloy barrier layer 116 without an electric field applied to
the gate 120. The force is indicated by inwardly facing arrows
in FIG. 3. The HFET is normally-off according to this
embodiment. The channel 104 can be re-established by
applying a suitable voltage (+/-V) to the piezoelectric gate
120 as shown in FIG. 4, causing the piezoelectric gate 120 to
change the amount of force applied to the GaN alloy barrier
layer 116 through the passivation layer 118 so that the carrier
density in the channel 104 increases and the channel 104
reestablishes under the gate 120.

In general, the piezoelectric gate 120 is formed on the
heterostructure body 100 with an orientation that either coun-
teracts (normally-off) or supports (normally-on) the built-in
stress in the GaN alloy barrier layer 116 absent a voltage
applied to the gate 120. When a voltage is applied to the
piezoelectric gate 120, the gate 120 generates an increasing or
decreasing force which when applied to the heterostructure
body 100 complements or counteracts the built-in stress in the
GaN alloy barrier layer 116. This way, the HFET can be made
normally-on or normally-off and the channel 104 can be
controlled via stress imparted by the force generated by the
piezoelectric gate 120. In each of these embodiments, the
threshold voltage of the device is decoupled from electrical
parameters and instead controlled by the properties of the
piezoelectric gate material and the thickness of the layers
below the gate 120 and of the HEMT structure.

In addition, a thin passivation layer 118 can be interposed
between the piezoelectric gate 120 and the heterostructure
body 100 as shown in FIG. 1-4. As explained above, the
2DEG or 2DHG channel 104 is formed by spontaneous and
piezoelectric polarization effects. Since the polarization
dipole is insufficient to generate a high density 2DEG/2DHG
alone, a positive sheet charge on the surface of the GaN alloy
barrier layer 116 may be needed which should be caused by
the piezoelectric polarization only. However, additional
charges can be present at the surface which originate from
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6

ionized states at the surface of the device. As a consequence,
providing the passivation layer 118 between the heterostruc-
ture body 100 and the piezoelectric gate 120 can avoid the
formation of such states that would otherwise lead to charge
trapping and de-trapping effects and to a shift of the device
characteristics. Furthermore, the control voltage (V) need not
be applied across a gate dielectric leading to a vertical elec-
trical field to control the channel 104 which has consequences
for the minimum and maximum possible thickness of the gate
dielectric. Instead, the control voltage is applied across the
piezoelectric gate 120 which is disposed on top of the passi-
vation layer 118 according to the embodiments shown in
FIGS. 1-4.

Further according to the embodiments shown in FIG. 1-4,
the piezoelectric gate material is electrically contacted on
both lateral sides. One side of the gate 120 is electrically
connected with the source 106 through a first electrical con-
ductor 122. At the opposing side, contact to the piezoelectric
gate 120 is made by a gate electrode 124. This way, the gate
120 can be controlled in relation to the source potential
according to these embodiments.

FIG. 5 illustrates a cross-sectional view of an embodiment
of an HFET which is similar to the embodiment shown in
FIG. 1, however the gate electrode 124 is formed only on the
top side of the piezoelectric gate 120 facing away from the
heterostructure body 100. The gate voltage (V) used to alter
the status of the piezoelectric gate 120 is therefore applied
only to the top side of the gate 120 instead of the lateral sides
as shown in FIGS. 1-4. In each case, an electric field builds up
either vertically or horizontally across the piezoelectric gate
120 which causes the gate 120 to expand or contract laterally.
The resulting compressive or tensile force is applied to the
underlying heterostructure body 100 through the intermedi-
ary passivation layer 118 as previously described herein.

FIG. 6 illustrates a cross-sectional view of another embodi-
ment of an HFET which is similar to the embodiment shown
in FIG. 1, however the piezoelectric gate 120 is in direct
contact with the heterostructure body 100. According to this
embodiment, a thin film piezoelectric material is deposited
directly in contact with the GaN alloy barrier layer 116 to
form the piezoelectric gate 120. This way, the piezoelectric
gate 120 is formed in closer proximity to the 2DEG/2DHG
channel 104 and the effect of the force applied by the piezo-
electric gate 120 on the channel 104 is enhanced.

FIG. 7 illustrates a cross-sectional view of yet another
embodiment of an HFET which is similar to the embodiment
shown in FIG. 1, however the piezoelectric gate 120 is dis-
posed in a recess 126 in the heterostructure body 100. The
recess 126 can be formed by etching into the GaN alloy
barrier layer 116. A piezoelectric material is then deposited in
the recess 126 to form the gate 120 and an electrically con-
ductive material is deposited on the piezoelectric material to
form the gate electrode 124. The recess 126 need not neces-
sarily be controlled with high precision as in conventional
recess approaches since the transistor threshold voltage is not
precisely controlled by the recess depth. Instead, the depth of
the recess 126 merely enhances the effect of the piezoelectric
gate 120 by positioning the gate 120 closer to the channel 104.

The HFETs shown in FIGS. 5-7 are illustrated as being
normally-off as indicated by the break in the dashed line
representing the channel 104, but instead can be normally-on
by forming the piezoelectric gate 120 on the heterostructure
body 100 with an orientation such that the gate 120 imparts a
force on the underlying GaN alloy barrier layer 116 which
counteracts the built-in stress in the barrier layer 116 when no
voltage is applied to the gate 120 as previously described
herein.
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Spatially relative terms such as “under”, “below”, “lower”,
“over”, “upper” and the like, are used for ease of description
to explain the positioning of one element relative to a second
element. These terms are intended to encompass different
orientations of the device in addition to different orientations
than those depicted in the figures. Further, terms such as
“first”, “second”, and the like, are also used to describe vari-
ous elements, regions, sections, etc. and are also not intended
to be limiting. Like terms refer to like elements throughout the
description.

As used herein, the terms “having”, “containing”, “includ-
ing”, “comprising” and the like are open ended terms that
indicate the presence of stated elements or features, but do not
preclude additional elements or features. The articles “a”,
“an” and “the” are intended to include the plural as well as the
singular, unless the context clearly indicates otherwise.

With the above range of variations and applications in
mind, it should be understood that the present invention is not
limited by the foregoing description, nor is it limited by the
accompanying drawings. Instead, the present invention is
limited only by the following claims and their legal equiva-
lents.

What is claimed is:

1. A transistor device, comprising:

a heterostructure body including a source, a drain spaced
apart from the source and a two-dimensional charge
carrier gas channel between the source and the drain; and

a piezoelectric gate on the heterostructure body and con-
figured to control the channel below the piezoelectric
gate such that:

(a) the two-dimensional charge carrier gas channel is
uninterrupted below the piezoelectric gate absent a
voltage applied to the piezoelectric gate; and

(b) the piezoelectric gate generates a force in response to
a voltage applied to the piezoelectric gate, the force
being transferred to the heterostructure body to dis-
rupt the two-dimensional charge carrier gas channel
below the piezoelectric gate.

2. The transistor device of claim 1, further comprising a
passivation layer interposed between the heterostructure
body and the piezoelectric gate.

3. The transistor device of claim 1, further comprising:

a first electrical conductor connecting the source to a first

side of the piezoelectric gate; and

a second electrical conductor separate from the first elec-
trical conductor and in contact with a second side of the
piezoelectric gate different than the first side.

4. The transistor device of claim 1, further comprising an
electrode on a side of the piezoelectric gate facing away from
the hetero structure body.

5. The transistor device of claim 1, wherein the heterostruc-
ture body comprises a GaN alloy layer on a GaN layer, and
wherein the two-dimensional charge carrier gas channel is a
two-dimensional electron channel near an interface between
the GaN alloy layer and the GaN layer.
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6. The transistor device of claim 5, wherein the GaN alloy
layer is an AlGaN layer having a thickness of at least 10 nm,
and wherein the piezoelectric gate is 100 nm or less thick.

7. The transistor device of claim 5, wherein the GaN alloy
layer has a uniform thickness.

8. The transistor device of claim 1, wherein the piezoelec-
tric gate comprises zinc oxide or a piezoelectric ternary com-
pound.

9. The transistor device of claim 1, wherein the piezoelec-
tric gate is in direct contact with the heterostructure body.

10. The transistor device of claim 1, wherein the piezoelec-
tric gate is disposed in a recess in the heterostructure body.

11. A transistor device, comprising:

a heterostructure body including a source, a drain spaced
apart from the source and a two-dimensional charge
carrier gas channel between the source and the drain; and

a piezoelectric gate on the heterostructure body and con-
figured to control the channel below the piezoelectric
gate such that:

(a) the piezoelectric gate generates a force absent a volt-
age applied to the piezoelectric gate, the force being
transferred to the heterostructure body to disrupt the
two-dimensional charge carrier gas channel below the
piezoelectric gate; and

(b) the amount of force applied by the piezoelectric gate
to the heterostructure body changes in response to a
voltage applied to the piezoelectric gate so that the
two-dimensional charge carrier gas channel is rees-
tablished below the piezoelectric gate.

12. The transistor device of claim 11, further comprising a
passivation layer interposed between the heterostructure
body and the piezoelectric gate.

13. The transistor device of claim 11, further comprising:

a first electrical conductor connecting the source to a first
side of the piezoelectric gate; and

a second electrical conductor separate from the first elec-
trical conductor and in contact with a second side of the
piezoelectric gate different than the first side.

14. The transistor device of claim 11, further comprising an
electrode on a side of the piezoelectric gate facing away from
the heterostructure body.

15. The transistor device of claim 11, wherein the hetero-
structure body comprises a GaN alloy layer on a GaN layer,
and wherein the two-dimensional charge carrier gas channel
is a two-dimensional electron channel near an interface
between the GaN alloy layer and the GaN layer.

16. The transistor device of claim 15, wherein the GaN
alloy layer is an AlGaN layer having a thickness of at least 10
nm, and wherein the piezoelectric gate is 100 nm or less thick.

17. The transistor device of claim 15, wherein the GaN
alloy layer has a uniform thickness.

18. The transistor device of claim 11, wherein the piezo-
electric gate comprises zinc oxide or a piezoelectric ternary
compound.



